Background: Isolated limb perfusion with TNF-alpha and melphalan (TM-ILP) is a highly effective treatment for locally advanced tumours of the extremities. Previous research suggests an almost immediate disintegration of the blood supply of the tumour. The aim of the present study was to verify this hypothesis using non-invasive measurements of microvascular perfusion and tissue oxygenation.
Isolated limb perfusion with TNF-alpha and melphalan (TM-ILP) is one of the most effective treatment options for locally advanced soft tissue sarcoma (STS) and malignant melanoma of the limbs. For STS, TM-ILP enables limb salvage rates that exceed 80%; response rates for malignant melanoma are even higher, with a combined complete and partial remission rate of B90% (Grunhagen et al, 2006; Taeger et al, 2008; Deroose et al, 2011a Deroose et al, , 2012 . Tumour vascularisation and oxygenation are known to have key roles in tumour growth and progression (Rofstad and Danielsen, 1998; Hendriksen et al, 2009) . TM-ILP is thought to primarily target the tumour vasculature (de Wilt et al, 2000; Hoving et al, 2006) . Recently, a minimally invasive study reported a significant decrease in tumour oxygenation during TM-ILP (Jakob et al, 2012) . However, there is currently little information regarding tumour oxygenation and, in particular, microvascular blood flow in the tumour during and following clinical application of TM-ILP. This lack of information might be attributed to the fact that most oxygen measurements in tumour tissue require invasive procedures (Vaupel et al, 1991; Nordsmark et al, 2001) .
Recently, a new technique to non-invasively measure microvascular blood flow and tissue oxygenation using laser Doppler and white-light spectroscopy has been introduced (Beckert et al, 2004; Jorgensen and Schroeder, 2012) . Here, we applied this technique to examine changes in blood flow, tissue oxygen saturation (SO 2 ) and haemoglobin level (Hb) in a clinical setting from before TM-ILP to 6 weeks after TM-ILP.
MATERIALS AND METHODS
Patients. All patients included in this study were treated with TM-ILP at the West German Cancer Centre at the University Hospital of Essen, a tertiary referral centre for STS and melanoma. The patients were informed of the experimental nature of this investigation and provided informed consent. The study was conducted between March and September 2011. Owing to the maximum depth limitation of 2 cm for the probes, only patients whose tumours were located less than 2 cm below the skin level according to the pre-operative MRI scan were selected.
TM-ILP. Isolated limb perfusion was performed as previously described (Grabellus et al, 2011 (Grabellus et al, , 2012a . Vascular access was established via a femoral or an iliac approach for the lower limb or via a brachial or an axillary approach for the upper limb. A tourniquet (either an Esmarch bandage for axillary or iliac perfusion or a pneumatic tourniquet for brachial or femoral perfusion) was applied to isolate systemic circulation from the limb circulation. After extracorporeal circulation was established using a heart-lung machine (Stöckert S3, Sorin Group, Milan, Italy), the limb was heated to establish mild hyperthermia (between 38.5 and 39 1C for the upper limb and between 39 and 39.5 1C for the lower limb). All patients received continuous leakage monitoring using indium-labelled albumin and precordial gamma-probe detection. TNF-alpha (Beromun, Boehringer-Ingelheim, Ingelheim, Germany) was applied at a dosage of 1 mg for the upper limbs and 2 mg for the lower limbs. After 15 min, melphalan (L-phenylalanine mustard) was added into circulation (11 mg l À 1 of limb volume for the legs and 13 mg l À 1 for the arms), and perfusion was continued for another 60 min. The limb was then rinsed with 3-6 l of hydroxyethylstarch (HAES 10%, Fresenius Kabi, Bad Homburg, Germany), the catheters and tourniquet were removed and the vessels and wounds were closed with sutures.
MRI. MRI scans served as the baseline examination and were performed 1 day before TM-ILP. To evaluate tumour regression, the same examination was performed 6 weeks after TM-ILP, according to the informal consensus of the centres that perform TM-ILP for advanced limb sarcoma. MRI scans included native T1 and T2 in transversal planes and a short tau inversion recovery sequence. Contrast-medium-enhanced sequences included a transversal sequence and a coronal T1 sequence with fat suppression. Measurement of the tumour diameter and contrast medium uptake was performed by the same radiologist (LU), who was blinded to the histopathology and O2C results. The tumour diameters (in mm) before (pre-TMP-ILP) and after (post TM-ILP) were measured in all three planes at the maximum diameter. The corresponding values were multiplied (x Á y Á z), and then the fractional changes in the tumour volumes were computed (post-ILP volumes divided by pre-ILP volumes). The resulting quotient (in per cent) equals the tumour volume after TM-ILP relative to the initial tumour volume (before ILP). Contrast medium enhancement was comparatively (pre-to post-ILP) estimated on a 4-grade scale (which ranged from 0 out of 4 for no contrast medium enhancement to 4 out of 4 for full contrast medium enhancement) and translated to a percentage scale.
Histopathology. If resection of the tumour was part of the multidisciplinary treatment protocol, resection of the residual tumour was performed shortly after the second MRI scan (7-9 weeks after TM-ILP). All specimens were fixated in 4% neutral-buffered formalin. A gross estimation of tumour necrosis was recorded, and a minimum of one block per centimetre of the largest diameter of the tumour was collected. Basic microscopic evaluation was performed from haematoxylin and eosin-stained slides. The tumours were typed according to the 'WHO classification of tumours of soft tissue and bone' (Fletcher et al, 2013) . Grading was performed using primary biopsies according to the French Fédération Nationale des Centres de Lutte Contre le Cancer. The overall regression was assessed using light microscopy and was determined as a percentage of the devitalised tumour after TM-ILP. The tumour regression was graded using the six-stage grading scale of Salzer-Kuntschik (Salzer-Kuntschik et al, 1983) . Microvascular Hb, SO 2 and blood flow. Microvascular Hb, SO 2 and blood flow were measured using a combination of white light spectroscopy and laser Doppler flowmetry (O2C, Oxygen2see, LEA Medizintechnik, Giessen, Germany). White light and laser light are transmitted to the tissue and scattered back to the probe. The scattered white light measures the capillary-venous SO 2 and Hb of the tissue, thereby indicating blood filling of the microvessels. Laser Doppler spectroscopy enables the measurement of moving erythrocytes, which is a marker of microvascular blood flow in the respective tissue volume.
Microvascular blood flow and Hb are presented as arbitrary units (AU), with blood flow ranging from 0 to 4000 AU (resolution ±1 AU) and Hb ranging from 0 to 120 AU (resolution ±1 AU). The SO 2 values are presented in relative units (0-100%). Both AU values and the SO 2 value are calculated from the electrical reading in the O2C unit. The manufacturer provides normal and critical ranges for orientation purposes (Table 1) . In contrast to pulse oximetry, which detects the arterial oxygenation, the SO 2 data provided by the O2C reflect SO 2 in the venous portion of the capillary vessels, indicating the oxygen not consumed by cells. Because hypoxia will manifest first in the capillary-venous portion of the vessels, the O2C measurement is markedly sensitive to hypoxia. The venous SO 2 is supplied as a percentage value (0-100%), although these values and their interpretation differ significantly from the established values of arterial SO 2 . As shown in Table 1 , normal values range from 20-50%, and critical hypoxia is encountered when values drop below 10%.
Tumour depth measurements, measuring depth and probe placement. According to the manufacturer's instructions, with O2C, a measuring depth of up to 2 cm is possible, depending on the optical parameters of the tissue (Derfuss, 2012) . The volume measured by O2C can be approximated as a cylinder or a cone under the probe. For non-invasive measurement of the microcirculation, we used a glass fibre probe that covered an area of 12 by 44.5 mm and reached a measurement depth of as much as 20 mm. Because of the lack of available information regarding the signal and measurement quality relative to the distance between the probe and the tissue to be measured, we adapted the method of Beckert et al (2004) and stratified the tumour depths into superficial (0-5 mm) and deep (6-20 mm) tumours. The tumour depths were derived from the pre-operative MRI scans. The values were defined according to the minimum distance of the tumour from the surface of the skin. For each patient, two probes were used. The first one was placed at the point at which the tumour was closest to the surface of the skin (this was usually also in the middle of the tumour at the largest diameter). The second one was placed above the most superficial, ipsilateral, healthy muscle for control measurements (the tibialis anterior, usually at mid-shaft height, for leg tumours and the brachioradialis muscle for arm tumours). Markings were drawn around the probe (Edding 3000 permanent marker; Edding International, Ahrensburg, Germany) such that the colour would not interfere with measurements. Both probes (muscle and tumour) were placed according to the markings, fixed in place with adhesive tape (Kimberly-Clark, Roswell, NM, USA) and left there throughout the measurement period. Patients were then asked to keep still for 5 min, and O2C measurements were collected over a 2-minute period at each probe site. The probes were removed after the measurement and relocated for the following measurements at the previously applied markings.
Readings were taken at predefined time points before and after TM-ILP, as shown in Table 2 . We selected a general period of 6 weeks, with the first measurements taken directly before TM-ILP and the last measurements taken 6 weeks after TM-ILP on the same day as the 6-week-post-ILP MRI, at which point the clinical follow-up was scheduled and the resection of the tumour was planned (if the tumour was resected, the resection was performed after the 6-week-post-ILP MRI scan and thus after the 6-week O2C measurement).
Statistics. Statistics were calculated using IBM SPSS 22 (IBM, Armonk, NY, USA). The means, medians and standard deviations (s.d.) were calculated for each time period. Two-tailed significance was calculated using the two-sample t-test. A P-value below 0.05 was considered significant. Diagrams are displayed as bar graphs (the bars indicate the means, and the error bars indicate one s.d.).
RESULTS
A total of 11 patients with a median age of 60 years (range, 44-82 years) were included in this study. Within this group, nine patients (eight patients with leg tumours and one patient with a forearm tumour) were suffering from STS. One patient was suffering from malignant melanoma and multiple in-transit metastases of the lower leg and thigh, and one patient had high-grade squamous cell carcinoma of the bone and muscle of the lower leg, which represented a solitary primary tumour (STS-like carcinoma).
The median tumour depth was 6 mm (range, 1-17 mm). There were five patients in the superficial tumour group, with tumour depths ranging from 1 to 3 mm (median, 2 mm), and six patients in the deep tumour group, with tumour depths ranging from 6 to 17 mm (median, 8.5 mm).
Hb. Figure 1 shows Hb in tumour and muscle tissues. In the deep tumour group ( Figure 1A ), there were no significant timedependent changes and no significant differences between tumour and muscle tissues. In the superficial tumour group (Figure 1B) , the Hb was significantly higher in tumour tissue compared with muscle tissue before TM-ILP (tumour: 56 AU; muscle: 31 AU) and 30 min after TM-ILP (tumour: 53 AU; muscle: 33 AU). The Hb level led off to baseline values 6 weeks after TM-ILP (40 AU for both muscle and tumour). Considering the high initial values in the superficial tumour group, there was also a significant decrease in the tumour Hb from 56 AU before treatment to 40 AU 6 weeks after treatment. SO 2 . In the deep tumour group (Figure 2A) , SO 2 remained nearly constant throughout the observation period, with no significant differences between muscle and tumour tissues. In the superficial tumour group (Figure 2B) , similar results were observed with one exception: 30 min after TM-ILP, there was a significantly lower SO 2 of 35% in the tumour tissue compared with the muscle tissue, which remained constant at 75%. This effect, however, had already disappeared by the next measurement (4 h after TM-ILP), and Table 2 . Time points at which the readings were taken. tumour oxygenation returned to normal values, around the 70% range, within the first 24 h after TM-ILP.
Blood flow. Both in the deep and superficial tumour groups, as well as in their respective tumour and muscle tissues, microvascular blood flow was similar following TM-ILP (Figure 3 ). Blood flow significantly increased immediately after TM-ILP and remained elevated until the second to last measuring point (2 weeks after TM-ILP), but then returned to the initial values at 6 weeks after TM-ILP. At each time point measured both before and following TM-ILP, blood flow was somewhat higher in tumour tissue than in muscle tissue. The last measurement, 6 weeks after TM-ILP, was the one exception: blood flow in the tumour tissue level led off to the low flow rate observed in muscle tissue.
MRI-based evaluation. As indicated by the MRI scans (Table 3) , the mean regression in tumour volume was 64% (volume of the tumour after TM-ILP compared with the pre-ILP-measurements). No significant time-dependent changes or differences in oxygen saturation between muscle and tumour tissues in the deep tumour group (A) were observed. In the superficial tumour group (B), there was a constant oxygen saturation level, with a significant difference between tumour and muscle tissues 30 min after TM-ILP. At this point, the oxygen saturation of the tumour was significantly less than that of the muscle; this difference was highly significant (P ¼ 0.001). This effect was already gone by the next measurement (4 h after TM-ILP), and the values returned to the baseline values within the first 24 h after TM-ILP. In terms of the time-dependent changes, the decrease in tumour oxygenation from before TM-ILP to 30 min after TM-ILP did exhibit a trend; however, because of the high variance in the values before ILP, this decrease was not significant (P ¼ 0.139). The increase from 30 min after TM-ILP to 1 day after ILP was highly significant (P ¼ 0.001). Between 30 min and 6 weeks after TM-ILP, there were again significant decreases for tumour tissue (P ¼ 0.007) and muscle tissue (P ¼ 0.004). Although both flow rates remained elevated, no significant changes were observed because of greater within-group variance. In the superficial tumour group (B), there was a significantly higher flow in tumour tissue than in muscle tissue both before (P ¼ 0.004) and 30 min after TM-ILP (P ¼ 0.009). This difference in flow remained highly significant at 1 week (P ¼ 0.034) and 2 weeks (P ¼ 0.012) after TM-ILP, but it was not observed 6 weeks after TM-ILP, at which point the flow rates were similarly low. The superficial tumour group (B) also exhibited time-dependent changes. There was a significant increase in the flow rate from before TM-ILP to 30 min after TM-ILP for both tumour (P ¼ 0.038) and muscle tissues (P ¼ 0.002). The flow rate remained elevated for 2 weeks after TM-ILP. Between 2 and 6 weeks after TM-ILP, the flow rate for tumour tissue decreased significantly (P ¼ 0.011).
The minimum tumour volume after ILP was 22%. There were only two patients with a residual tumour volume of less than 50% of the pre-ILP tumour. Regarding the reduction in the contrast medium uptake, the mean residual uptake was 61% compared with pre-TM-ILP scans. Figures 4 and 5 show two cases of STS, before and 6 weeks after TM-ILP. The first case (Figure 4 ) exhibited a good response in terms of the decrease in size (22%) and contrast medium enhancement (50%). The second case ( Figure 5 ) exhibited the typical behaviour of a moderate decrease in size (55%) and a strong reduction in contrast medium enhancement (25%).
Histopathology. Histopathological examination of resection specimens (n ¼ 5) indicated that the mean response was 74%. One out of five cases responded poorly, with only 5% tumour regression, and all other tumours exhibited regression of greater than 80%. The histopathologically determined regression and the MRI-determined regression did not correspond well. Two out of the five cases exhibited greater than 80% response according to histopathological examination but no significant decrease in tumour size or MRI contrast medium enhancement.
Clinical observation. Immediately after TM-ILP, local signs of an inflammatory reaction with reddening and swelling developed and persisted for 2 to 6 weeks. These changes homogenously affected the entire extremity included in the perfusion (up to the location of the tourniquet).
DISCUSSION
Isolated limb perfusion with TM-ILP is able to deliver high local toxicity to tumour tissue, regardless of the tumour type; sarcoma, melanoma and even progressive desmoid tumours are all considered highly responsive to TM-ILP Bonvalot et al, 2009; Deroose et al, 2011b) . To achieve this therapeutic effect, both TNF-alpha and melphalan are required (Posner et al, 1995; Hoving et al, 2006) . Inducing an inflammatory reaction to treat tumours goes back to the late nineteenth century, when William Coley attempted to treat sarcoma by inducing a local bacterial infection (Wiemann and Starnes, 1994) . Much later, it became obvious that TNF-alpha was one of the driving agents responsible for the inflammatory reaction and thus tumour destruction. This insight ultimately led to TNF-alpha being applied for isolated limb perfusion . The inflammatory cascade set in motion by TNF-alpha during TM-ILP can be observed early throughout the whole tumour , and there is an increase in systemic pro-inflammatory cytokines after TM-ILP (Hohenberger et al, 1997; Ferroni et al, 2001) . The capillary leakage that results from TNFinduced inflammation is considered to be significantly higher in the tumour endothelium than in the endothelium of normal tissue, thus allowing the selective accumulation of the alkylating agent melphalan in tumour tissue compared with skin and muscle tissues (de Wilt et al, 2000; Hoving et al, 2006) . Because of the high doses of TNF-alpha that are necessary to achieve effective tumour therapy using TM-ILP (a total dose of between 1 and 2 mg is applied in the extremities), the treatment can only be performed under conditions of temporary vascular isolation of the limb from the systemic circulation. Otherwise, the severe side effects of TNFalpha would lead to systemic inflammatory response syndrome (Natanson et al, 1989; Schirmer et al, 1989) , which carries a high risk of selective or even multiple organ failure (Eichacker et al, 1991) .
In the present study, significant, pronounced tumour regression was achieved in almost all patients treated by TM-ILP, as indicated by histopathological examination of resection specimens and by MRI scans (Table 3) . These results are similar to those reported by other studies (de Wilt et al, 2000; Hoving et al, 2006) . In contrast, soft tissue sarcomas have been reported to not shrink significantly after pre-treatment with TM-ILP or chemotherapy (Stacchiotti et al, 2009; Grabellus et al, 2012b) . In agreement with these findings, despite the positive response to TM-ILP, there was still a sufficiently significant residual tumour in all patients of the present study (between 20 and 100% of the original size) to allow measurement by O2C.
During and following TM-ILP, microvascular blood flow increased in both the tumour and normal muscle tissues (Figure 3 ). In contrast, SO 2 remained constant or, at an early time point, even decreased, in accordance with the findings from Jakob et al (2012) , who observed a considerable decrease in the tumour oxygen partial pressure towards the end of the TM-ILP procedure using needle oxygen probes. Both the increased microvascular blood flow and the increased oxygen consumption, as indicated by the constant or even decreased SO 2 , are in agreement with a longlasting inflammatory reaction in both tumour and muscle tissues (as also revealed by distinct inflammation of the whole extremity treated by TM-ILP). However, they do not provide any information about the success of the tumour treatment, especially regarding size reduction, or the remodelling processes within the tumour tissue. These results do indicate that primary impairment of microvascular perfusion was not the underlying reason for the success of tumour treatment by TM-ILP in our patients. This result is in marked contrast with one of the currently prevailing theories of tumour treatment by TM-ILP. According to this theory, overactivation of endothelial cells and leukocytes leads to rapid restriction of blood flow in the tumour vessels, which is the initial Before TM-ILP Figure 5 . This superficial tumour of the lower leg exhibited a moderate decrease in size and a strong decrease in contrast medium enhancement. MRI scan (T1, fat supressed with Gadolinium contrast medium enhancement) of an STS with an excellent response to TM-ILP before and 6 weeks after TM-ILP (patient no. 1).
and decisive event in tumour destruction. This concept is based on experimental studies performed on animals (Nooijen et al, 1996; Hoving et al, 2006) and also is supported by clinical data, such as contrast-medium-enhanced Doppler sonography, for which there was a significant decrease in tumour blood flow already 1-day post-TM-ILP (Lassau et al, 2005) . The reason for the apparent discrepancy between the results obtained for our patients by the microvascular measurements with the O2C and the data reported above is unknown at present. The discrepancy may partly be explained by the fact that our measurements were performed only within a distinct volume of the tumour tissue, that is, between 1 and 17 mm from the skin surface, which may give preference to values that result from the inflammatory margin of the tumour, an area with especially high blood flow (van Rijswijk et al, 2003) . Alternatively, at the microscopic level, impairment of perfusion of one microvessel may be overcompensated by increased perfusion of another neighbouring microvessel, thereby resulting in increased perfusion of the respective area. Several weeks after TM-ILP, the microvascular blood flow in the tumour tissue decreased to levels lower than before TM-ILP but comparable to normal muscle tissue ( Figure 3B) . Thus, the O2C measurements indicate a decrease in vascularisation of the residual tumour as well, in agreement with, but not as distinct as, the results of MRI scans and angiography performed several weeks after TM-ILP (Olieman et al, 1997; van Rijswijk et al, 2003; Vanel et al, 2004) .
In conclusion, this study casts doubt on the assumption that early vascular destruction is the key mechanism responsible for tumour necrosis after TM-ILP. Instead, the data suggest that the inflammation induced by TM-ILP is stronger and longer lasting than initially believed and is, in addition to the direct cytotoxic effects of melphalan, predominantly responsible for the successful application of TM-ILP for tumour treatment. Because of the low number of patients enrolled in this study, further research is required to substantiate this conclusion.
